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ABSTRACT 
Paper birch seedlings (Betula papyrifera Marsh.)t 
inoculated or non-inoculated with the ectomycorrhizal 
fungus, Pisolithus tinctorius (Coker & Couch) Pers., and 
grown in steamed or non-steamed soil, were exposed to 
ozone (0.06-0.08 ppm) and/or simulated acid rain (pH 
3.5) in several long terra experiments. Results of three 
experiments were complex and variable. Ozone generally 
decreased the growth of birch. Simulated acid rain, in 
contrast, resulted in general increases in paper birch 
. growth. Inoculation with P_^ tinctorius did not result 
in compensatory growth or protection of birch seedlings 
from the adverse effects of ozone or simulated acid 
rain. Percent mycorrhizal infection was, however, 
consistently reduced by treatment with ozone and 
simulated acid rain. No interactive effects between 
ozone and simulated acid rain upon mycorrhizal infection 
of paper birch growth were observed. Reductions in 
mycorrhizal infection due to ozone or simulated acid 
rain could result in increased disease and nutritional 
deficiencies for paper birch over the long term. 
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CHAPTER I 
INTRODUCTION 
The major phytotoxic air pollutants are the 
photochemical oxidants peroxyacyl nitrates, nitrous 
oxides and ozone (38). They often occur in conjunction 
with acid precipitation. This combination has been 
strongly implicated as a major cause of forest decline 
in western Europe (3,70,84,94) and more recently in the 
northeastern United States (32,44,95,98,101). 
In the northeast United States, ozone is the most 
prevalent photochemical oxidant (16,70). Low levels of 
ozone naturally exist in the atmosphere. However, 
levels can be greatly increased by chemical reactions 
involving sunlight and air pollutants. Increased 
concentrations of nitrogen oxides and hydrocarbons can 
result in changes in the normal cycling of ozone. When 
this occurs the levels of ozone may increase 
significantly (27). Fluctuating levels of ozone can 
exist throughout the spring and summer months, and may 
result in plant injury (43). 
Rainfall of low pH, or "acid rain" is another 
problem that exists in the northeast. According to the 
National Atmospheric Deposition Program of 1978 and 
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1979, the northeastern United States receives rainfall 
with an average pH below 4.4 (75). Acid precipitation 
results from the combination of primarily sulfur dioxide 
and oxides of nitrogen in the atmosphere with rain. 
This combination results in weakly acidic solutions of 
sulfuric and nitric acids which occasionally can have a 
pH as low as 3.0 (92). 
It is not improbable that variable concentrations 
of ozone are present before, during or after events of 
acidic precipitation in the northeast. One ecosystem 
that may be influenced adversely by these stresses are 
forests. Many species of trees are sensitive to gaseous 
pollutants (25,26,49). The current decline of red 
spruce in eastern North America is believed to be due to 
pollutants, ozone and acidic precipitation in particular 
(92,93,98). 
In the northeastern United States, broad-leaved 
tree species predominate. Many of these species have 
not been studied fully for their reactions to pollutant 
stress. Paper birch (Betula papyrifera Marsh.) is the 
third most ecologically important tree specie in the 
northeastern spruce-fir forests (98). Jensen and 
Masters (49) have observed that paper birch growth can 
be reduced by low concentrations of ozone. Very little 
research, however, has been conducted on the potential 
effects that ozone and acidic precipitation, singly or 
in combination, may have on paper birch. In addition, 
the secondary effects of gaseous pollutants and acidic 
precipitation on important rhizosphere organisms, such 
as ectomycorrhizae has not been thoroughly investigated. 
Ectomycorrhizae are essential for the growth and 
development of many trees. Mycorrhizal associations are 
known to provide increased nutrient uptake in their 
hosts (22,41,72). Perhaps more importantly, 
ectomycorrhizae have been documented to serve as 
biological deterrents to many root pathogenic infections 
(66,89,106). The influence of pollutants on indigenous 
or introduced mycorrhizal associations, however, has not 
been fully investigated. 
This research was conducted with two major 
objectives in mind. The first was to determine the 
separate and combined effects of ozone and acid 
precipitation upon the growth of hardwood tree seedlings 
and their mycorrhizal associations. The second 
objective was to determine whether inoculation of 
seedlings with a specific mycorrhizal fungus provided 
any direct or indirect protection against the effects of 
these pollutants. 
Paper birch was selected because it is 
indigenous to western Massachusetts and is a major 
constituent of the spruce-fir forests which are in a 
state of decline on Mount Greylock and in many mountains 
in the northeast (95,98). As such, it is exposed to 
ozone and acidic precipitation throughout much of its 
active growing season. The ectomycorrhizal fungus, 
Pisolithus tinctorius {PT) (Coker & Couch) Pers., was 
selected primarily because it is a natural associate of 
paper birch (67). The fungus is isolated easily and 
cultured and produces recognizable ectomycorrhizae with 
birch (73,90). Many ectomycorrhizal fungi are not 
readily adaptable for pure culture synthesis and 
inoculation. Protocols for the nutritional requirements 
and pure culture synthesis of PT, however, are well 
documented (68,100). 
CHAPTER II 
REVIEW OF THE LITERATURE 
Phytotoxic levels of air pollutants are commonly 
known to occur (16). In the northeastern United 
States, ozone is the most prevalent pollutant. Under 
normal conditions of equilibrium, ozone does not build 
up in the atmosphere because it reacts with nitrogen 
oxide to form nitrogen dioxide. An increase in the 
level of ozone may occur when gaseous hydrocarbons and 
nitrogen oxides are present in the air. Active species 
of oxygen and ozone, initiate oxidation of these 
hydrocarbons, which in turn oxidize nitrogen oxide to 
form nitrogen dioxide without the destruction of ozone. 
Ozone then accumulates in the atmosphere (27) 
Rainfall of low pH, i.e. acidic precipitation, has 
also become a problem in the northeast (75). Weak 
solutions of sulfuric and nitric acids result from the 
reaction of sulfur dioxide and nitrogen oxides with 
normal rainfall (28,29,46). The result is rain of pH 
4.5 or lower. Increased emissions of sulfur dioxide and 
nitrogen oxides from utilities and heavy industry are 
largely to blame (29). The occurrence of acidic 
precipitation and ozone, in combination, probably occurs 
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(14). This combination could lead to interactive 
effects on vegetation. 
Ozone and its Effects on Trees 
Ozone is considered to cause the most severe 
damage to vegetation in North America (38,43,84). 
Extensive investigations into the effects of ozone on 
various crops of economic importance have been carried 
out (39,40). Recent studies have been concerned with 
the potential effects of ozone on the growth and 
development of forest trees (11,54,101,111). Many 
species of trees have been identified as sensitive or 
mildly sensitive to ozone (25,26). Ozone has been 
implicated as a possible cause of forest declines in 
Europe (3,94), and more recently in the northeastern 
United States (32,95,98,101). 
Coniferous Species 
The deleterious effects of ozone on coniferous 
trees has been extensively reported. Foliar damage du 
to ozone has been demonstrated in several species 
(5,6,7,18,25,45). Emergence tipburn in white pine 
(Pinus strobus L.) is caused by ozone (7,61,62). 
Chlorotic dwarf disease of eastern white pine is caused 
by a synergistic reaction between ozone and sulfur 
dioxide (107). Hogsett and Tingey (45) exposed two 
geographical varieties of slash pine, Pinus elliottii 
Engelm., to chronic concentrations of ozone. Visible 
injury was slight, however, all growth parameters were 
decreased significantly. Root growth was the most 
severely effected parameter. 
Alterations in metabolic processes in the absence 
of visible symptoms has also been demonstrated in 
coniferous and deciduous trees. Respiration and 
photosynthesis have been reported to be adversely 
effected by exposure to ozone (27,37,56,71). Reich and 
Amundson (84) found reduced net photosynthesis in 
eastern white pine and several hardwoods without visibl 
injury. Barnes (4) and Yang and coworkers (114) 
demonstrated that respiration in white pine is effected 
adversely by exposure to ozone. Alterations in carbon 
allocation in white pine has also been reported (71). 
Deciduous Species 
Research concerning the impact of ozone on 
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deciduous trees has also been reported (49,91,109,111). 
Extensive investigations on the effects of ozone on 
several clonal lines of poplar have been conducted 
(36,47,65,74,76,82,83,110). Jensen and Dochinger (50) 
found that hybrid poplar which was exposed to chronic 
ozone concentrations had growth reductions of 50% and 
injury to 75% of the leaves. Increased leaf senescence 
and reduced growth has also been reported in hybrid 
poplar (83). Noble and Jensen (76) found that hybrid 
poplar trees exposed to ozone had significantly greater 
leaf abscission. Leaf area and leaf weight, at later 
stages of development, were found to be significantly 
reduced by treatment with ozone. 
In addition to hybrid poplar, many other species 
of deciduous trees have been shown to be sensitive to 
ozone. Ozone has been reported to cause chlorosis in 
sugar maple (42) and alterations in the accumulation of 
dry matter in silver maple (48). Ambient ozone has, 
recently, been implicated as a possible factor in the 
decline of sugar maple in Canada and the northeastern 
United States (69). Green and white ash (103) and 
various species of Platanus (91) have also exhibited 
sensitivity to ozone. 
Acidic Precipitation and its Effects on Trees 
Acidic precipitation has also become a serious 
problem in North America (1,17,28,46) and Europe (2,94). 
Investigations have been conducted on the effects of 
acidic precipitation on crops (29,31,46,60), forest 
trees (1,2,17,92,112,113) and host-parasite interactions 
(97) . 
Wood and Bormann (112) subjected yellow birch 
(Betula alleghaniensis Britt.) to simulated acid rain 
(SAR) of several pH values. Growth reductions were 
apparent at pH 2.3 and foliar injury at pH 3.0 or lower. 
Increased growth of white pine has been reported due to 
treatment with simulated acid rain (113). The input of 
nitrogen from the simulated rain was felt to be the 
cause. Foliar injury (20,30), as well as, increased 
foliar leaching of nutrients (92) has also been 
demonstrated in simulated acid rain studies. 
Soil characteristics may also be affected by 
acidic precipitation. The cation exchange capacity 
(CEC) of soils can be changed resulting in the possible 
inability of plants to obtain essential minerals, while 
low pH may make harmful metals, such as aluminum, more 
available (70,81). Seedlings may be more sensitive to 
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these changes. For this reason, several reports have 
looked at the effects of simulated acid rain on tree 
seedlings (59,79,80). 
Lee and Weber (59) treated seedlings of eleven 
woody species with simulated acidic precipitation, and 
found eight to be adversely effected by pH 4.0 or lower. 
Significant reductions in the growth of several 
coniferous and deciduous species have been observed when 
exposed to simulated acid rain (79). Deciduous 
varieties of trees, in this study, appeared to be more 
resistant than coniferous species. Significant changes 
in the growth of deciduous trees became apparent only 
at pH values of 2.6 or lower. The growth of sugar maple 
seedlings has been shown to be reduced by pH values of 
3.0 or lower (80). Decreased radicle growth and an 
increased susceptibilty to bacterial infections was 
noted. 
Ozone and Acidic Precipitation 
Pollutants can cause additive or synergistic 
effects when they occur in combination with other 
pollutants (44,88,107). Recent research has been 
concerned with the potential interactions that these 
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ozone and acidic precipitation might have on crops 
(51,52,77,78,108) and trees (14,15,19,84,85,99). 
Several reports have indicated that there is no apparent 
interaction between ozone and simulated acid rain 
(51,52,77,78). Scots pine saplings exposed to ozone in 
the presence of an acid mist of pH 3.0, developed mottle 
associated with ozone and foliar leaching characteristic 
of treatment with acid mist (99). No interaction was 
apparent. Reich and coworkers (84,85) found no 
interactive effects of ozone and simulated acid rain on 
net photosynthesis in red oak, white pine and several 
other tree species. 
Additive or synergistic effects due to exposure to 
ozone and simulated acid rain, in combination, have been 
documented (14,15,96). Troiano et al. (96) reported an 
apparent interaction of the two pollutants in soybean. 
It was suggested that more extensive investigations of 
this interaction needed to be carried out. In another 
study, yellow-poplar seedlings were treated with 
simulated acidic precipitation in combination with 
ozone, sulfur dioxide or ozone and sulfur dioxide (65). 
Results of this investigation demonstrated that the 
effects of multiple pollutants stesses were more 
deleterious than exposure to any single pollutant. Root 
weight, mean relative growth rate of roots and 
root/shoot ratio of white ash seedlings were all 
significantly reduced by an interaction between ozone 
and simulated acid rain (15). It is apparent that the 
potential impact of these pollutant, in combination, ha 
not been thoroughly researched. 
Secondary Effects of Air Pollutants 
The primary effects of gaseous air pollutants and 
acidic precipitation have been extensively studied for 
both crops and forests. Secondary effects of these 
pollutants, however, have only recently been 
investigated. The effects of pollutants on plant 
pathogenic organisms have been summarized (57,58,97). 
Laurence and coworkers (57,58) have studied the effects 
of gaseous pollutants on infection of soybeans by two 
bacterial pathogens. Lesion development due to 
Xanthomonas phaseoli var. so.iensis and Pseudomonas 
glycinea was found to be reduced by exposure to sulfur 
dioxide and ozone, respectively. 
The secondary effects of pollutants on organisms 
beneficial to plants also has been studied. Ozone and 
sulfur dioxide has been demonstrated to reduce nitrogen 
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fixation in soybeans (53). Reductions in nodule 
activity as great as 27% were observed after fumigations 
with these pollutants. Infection of soybeans by the 
endomycorrhizae, Glomus geosporum. was not found to be 
reduced by treatment with ozone or simulated acid rain 
(12). Production of chlamydospores, however, was 
reduced by 39% in plants exposed to simulated acid rain. 
This could result in reduced infection of future soybean 
plantings. 
Ectomycorrhizae 
The effects of pollutants upon beneficial 
mycorrhizae formed by trees has only recently been 
investigated. Ectomycorrhizae are a symbiotic 
fungal-root association in which fungal hyphae penetrate 
the root cortex intercellularly to form a Hartig net 
(105). The Hartig net is an intricate network of 
mycelium which develops in and outside of the root. 
Ectomycorrhizae are known to be very beneficial 
to the growth and development of trees. Mycorrhizal 
fungi can act as biological deterrents to many 
pathogenic root infections (66,89,106). The 
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ectomycorrhizal fungus, Laccaria laccata, has been 
demonstrated to have a suppressive influence on the 
development of Fusarium oxysporum on Douglas fir 
seedlings (106). Mycorrhizal trees can also have more 
vigorous growth due to increased uptake of water, 
minerals and other nutrients (22). The increased uptake 
of phosphorus has been well documented (22,41,66,72). 
The use of ectomycorrhizae can significantly improve the 
survival of trees planted in adverse conditions (8). 
Ectomycorrhizae and Air Pollutants 
The potential impact of gaseous pollutants and 
acidic precipitation on beneficial ectomycorrhizae has 
only recently been investigated (Table 1). Mahoney and 
coworkers (64) studied the effects of ozone and sulfur 
dioxide upon mycorrhizal formation by PT on loblolly 
pine (Pinus taeda). Mycorrhizal formation was not 
inhibited by treatment with ozone and/or sulfur dioxide. 
Promotion of root and shoot growth due to mycorrhizal 
infection, however, did alter the deleterious pollutant 
effects. Development of mycorrhizal associations on 
pine has also been reported to afford some protection to 
feeder root systems exposed to gaseous pollutants 
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Table 1. Sumary Table of PoIluCane«Eecoaycorrhizae Inceraccions 
Tree Species Mycorrhizal fungus Pollutants Results Ref a 
Pinus taeda L. n.i. SAR interaediate pH values 
caused decreases in Ml 96 
Pisolithus tinctorlus Os »S02 no adverse influence 
upon aycorrhizae; 
less root daaage due to 
presence of aycorrhizae 
* 
13 
Pisolithus tinctorlus 
Thelephora terrestrls 
OstSOj increased resistance to 
deleterious effects of 03* 
SO2; 
protection of feeder roots 
* 
33 
Pisolithus tinctorlus 
Thelephora terrestrls 
0s.S02 decreased O2 uptake in non-* 
aycorrhlzal roots 
feeder root protection 
6A 
Finus strobus L. Pisolithus tinctorlus SAR reduction in MI 104 
Pinus strobus L. 
Quercus rubra L. 
n.i. O3.SAR 02 increased MI 
SAR decreased MI 86 
Quercos rubra L. n.i. 02*802 
SAR 
O2 increased MI 
SAR decreased MI 
SO2 decreased MI 
87 
Picea abies Karst. n.i. SAR decrease in aycorrhlzal 
root tips 
9 
MI > aycorrhlzal Infeeclon 
SAK • alaulaced acid rala 
n.l. • ooc identified 
* • isolated root segasats tiere used in these studies 
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(13,33) . 
Research has also demonstrated adverse effects of 
pollutants upon the development of mycorrhizae on tree 
root systems. Simulated acid rain has been shown to 
decrease mycorrhizal associations (9,86,87,96,104). 
White pine seedlings grown in natural soil and exposed 
to simulated acid rain of pH 3.5 had decreased 
development of mycorrhizae caused by indigenous fungi 
(104). Shafer, et al. (96) demonstrated that 
mycorrhizal infection in loblolly pine seedlings was 
inhibited at intermediate pH values of 3.2 and 4.0. 
Treatment of seedlings with pH 2.4, however, resulted in 
an apparent increase in infection. 
Investigations concerning root processes and 
ectomycorrhizae have generally involved gaseous 
pollutants (13,33,64) or SAR (9,96,104). Few reports 
have looked at the potential effects of a combination of 
these pollutants. Reich, et al. (87) investigated the 
effects of ozone, sulfur dioxide and SAR upon the 
formation of mycorrhizae on red oak (Quercus rubra L.). 
Mycorrhizal fungi were found to have significant 
responses to all three pollutants. Other research (86) 
has demonstrated reductions in mycorrhizal infection in 
several other tree species due to ozone and simulated 
17 
acidic precipitation. The potential impact of ozone and 
acidic precipitation on the development of a specific 
mycorrhizal fungus on paper birch has not been 
undertaken. 
t 
CHAPTER III 
MATERIALS AND METHODS 
Preparation of Ectomycorrhizal Inoculum 
Cultures of PT were maintained on modified 
Melin-Norkrans medium (MMN)i and transferred on a 
monthly basis (73,100). Liquid cultures of were created 
by placing 15 agar plugs of the ectomycorrhizal fungus, 
Pisolithus tinctorius, in sterile liquid MMN (21). 
These cultures were then incubated at room temperature 
on a rotary shaker to maintain proper aeration. Liquid 
cultures were allowed to incubate for 10-15 days 
At the end of the incubation period, cultures 
were removed from the shaker and comminuted in 
sterilized stainless steel microblenders. The resulting 
slurry was then applied to a sterile solid substrate 
composed of verraiculite and peat moss in a ratio of 28.1 
v/v (68). Solid substrate cultures were then allowed to 
grow at 23 C for approximately one month or until 
mycelium thoroughly colonized the vermiculite-peat moss 
substrate. At this time cultures were then utilized as 
inoculum for experiments or were placed in cold storage 
at 3 C until needed. 
18 
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Growing Media 
Soil for all of these experiments was collected 
in the vicinity of a stand of paper birch (Betula 
papyrifera Marsh.) on Dry Hill Road in Millers Falls in 
western Massachusetts. Leaf litter was removed and soil 
was collected primarily from the O, A, and B horizons. 
The pH of the collected soil was 5.3. The soil was 
sifted, diluted with sand (2:1 v/v) and then either 
steamed (85 C, 30 minutes) or not steamed. 
Pisolithus tinctorius, strain 288, (obtained from 
D.H. Marx, Southeastern Forest Experiment Station, 
Athens, GA) was used as mycorrhizal inoculum. P. 
tinctorius was used because it is known to associate 
with paper birch (67). Steamed and non steamed soil was 
broadcast inoculated by incorporating ectomycorrhizal 
inoculum grown on a vermiculite-peat moss substrate 
(90). The ratio of soil to inoculum was approximately 
8:1 v/v. An equivalent volume of vermiculite was added 
to steamed and non steamed soil, serving as a control. 
This resulted in four soil regimes: steamed soil, 
steamed soil + PT, non steamed soil and non steamed soil 
+ PT. 
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Plant Preparation 
Paper birch were grown from seed (F.W. Schumacher 
& Co., Sandwich, MA) in Redi-Earth potting mixture (W.R. 
Grace & Co., Cambridge, MA). Four-week old seedlings 
were utilized in each experiment. These seedlings were 
selected for general uniformity (i.e. height and number 
of leaves). Seedlings were transplanted into the four 
soil regimes (forty per soil). Seedlings were allowed 
to acclimate for 1-2 days in the greenhouse before use 
in each experiment. 
Experimental Design 
The overall design of the experiments was a 
randomized plot design utilizing a 2 (air type) x 2 
(soil type) x 2 (pH) x 2 (mycorrhizal fungus) factorial. 
Birch seedlings were randomly placed in a set of eight 
clear plexiglas chambers. Each chamber was identical in 
size (72cm x 45cm x 45cm). These chambers were part of 
a closed pass-through air system (Figure 1). Four 
chambers received carbon filtered air. The remaining 
four chambers received carbon filtered air plus ozone. 
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Figure 1 Schematic diagram of closed pass-through 
fumigation system (viewed from above) 
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Ozone was added before air entered the chambers using 
Teflon tubing (DuPont Corp., Wilmington, DE). Each 
chamber contained a total of twenty paper birch 
seedlings which were rotated on a weekly basis. 
Ozone was generated by a spark-discharge method 
using a Model 03V1-0 Ozone Generator (Ozone Research and 
Equipment Corp., Phoenix, AR). The ozone generator 
received a regulated flow of dry oxygen. Levels of 
ozone were maintained between 0.06-0.08 ppm. These 
concentrations were constantly monitored with a Dasibi 
1003-AH Ozone Monitor (Dasibi Corp., Glendale, CA). 
Ozone monitors were calibrated to EPA standards using a 
Dasibi 1003-PC ozone monitor. Fumigations of paper 
birch seedlings were carried out for seven hours/day, 
five days/week. Treatment with ozone was conducted for 
a total of twelve weeks with the exception of the second 
experiment which was carried out for fourteen weeks. 
Birch seedlings were also treated with SAR. 
Plants received a rain simulant of pH 3.5 or 5.6. SAR 
was prepared weekly using deionized water and 
appropriate concentrations of background ions (see Table 
2) known to occur in western Massachusetts rainfall 
(personal communication, H. Hemond). All solutions of 
background ions were acidified to pH 2.0 using 
Table 2: Ion concentrations of rain simulants (pH 3.5 
and 5.6). Data from precipitation analysis at 
Bickford Reservoir, Massachusetts, July 1981 
through June 1983 * 
Ion Concentration (ueq/1) Concentration (mg/1) 
H 59.9 0.0604 
Ca 6.1 0.1222 
Mg 2.9 0.0352 
K 1.9 0.0749 
Na 8.5 0.1954 
NH4 7.7 0.1389 
Cl 14.5 0.5141 
S04 40.3 1.9356 
NO 3 20.6 1.2773 
* (H. Hemond, personal communication) 
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concentrated nitric acid. Sulfuric acid (IM) and sodium 
hydroxide (IM) was used to adjust the final pH to the 
proper level. 
Birch seedlings were removed from their chambers, 
twice weekly, and subjected to ten minute applications 
of SAR until the soil was saturated. These treatments 
were completed prior to fumigation. Rain was applied 
through the use of a compressor-driven system utilizing 
specialized spray nozzles (Spraying Systems Co., 
Wheaton, IL). Any additional waterings were carried out 
using proper rain simulants applied to the soil. 
Treatment with rain simulants was also carried out for 
twelve weeks with the exception of the second 
experiment. 
A total of three experiments were carried out 
(Table 3). All experiments were identical in all 
respects with the exception of total number of rain 
exposures. Duration of individual experiments was also 
the same with the exception of experiment two. The 
second experiment was conducted for a total of fourteen 
weeks, while experiments one and three were each twelve 
weeks in duration. 
Over the course of each experiment, paper birch 
seedlings were periodically measured for shoot height. 
25 
TABLE 3 
TABLE OF OVERALL DURATION, TOTAL NUMBER OF RAIN 
TREATMENTS AND AVERAGE OZONE CONCENTRATIONS 
FOR THE THREE EXPERIMENTS. 
Experiment 
Total Number 
Duration of Rain Treatments 
Ozone 
Cone, (ppm) 
•* 
1 12 weeks 21 0.06-0.08 
2 14 28 0.06-0.08 
* ★ ♦ 
3 12 23 0.06.0.08 
April 26 to July 15, 1985 
** November 6, 1985 to February 13, 1986 
March 19 to June 16, 1986 
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Appearance of any foliar symptoms or growth 
abnormalities due to treatment with ozone and/or acidic 
precipitation were also noted at these times and 
recorded. 
Analysis of Paper Birch Seedlings 
At the conclusion of each experiment, a complete 
analysis of each plant was carried out. This included 
final shoot height and the number of completely opened 
leaves present on each plant. Total leaf area was also 
measured by using a LI-3000 Li-Cor Portable Leaf Area 
Meter (Li-Cor Ltd., Lincoln, NE). Roots, shoots and 
leaves were then dried at 45 C for 48 hours. Dry weight 
values of roots, shoots and leaves were then obtained. 
For the roots of each seedling, a quantitative 
estimate of total mycorrhizal infection was conducted. 
This was based upon on a scale of infection as a percent 
of the total root system. The scale developed was as 
follows: (+) < 1% infection, {++) <= 25% infection, 
(+++) <= 50% infection and (++++) > 75 % infection (35). 
Along with this estimate of total infection, random root 
samples were selected for reisolation of P_^ tinctorius 
or isolation of other fungi. Root isolations were 
carried out according to Molina & Palmer (73) and Genua 
et al. (34). 
All data was then tabulated and analyzed for 
statistical significance through the use of analysis of 
variance (ANOVA) (102). Main effects or other 
interactions which were perceived as significant were 
further studied to determine the particular trend or 
effect that existed. 
CHAPTER IV 
RESULTS 
EXPERIMENT ONE 
At the conclusion of the experiment, visible 
injury due to exposure to ozone was apparent on many 
paper birch seedlings (Figure 2). Symptoms observed 
included bronzing, chlorosis, premature senescence and 
mottling of the leaves. No observable injury due to 
treatment with simulated acid rain was evident. 
Likewise, there appeared to be no additional injury due 
to a synergistic effect ozone and simulated acid rain. 
Main effects 
Air, soil and PT resulted in significant 
influences upon a number of variables (Table 4). The pH 
of rain simulants did not significantly effect root, 
shoot and leaf weights, leaf area, shoot height, number 
of leaves or percent mycorrhizal infection. Mean values 
for these individual treatments are presented in Table 
5. The general effects of significant treatments are 
summarized in Table 6. 
28 
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TABLE 5 
BIPBRIMBliT ONE: NBAN VALUES OP MEASURED GROMTH PARAMETERS FOR PAPER BIRCH 
SEEDLINGS BROKEN DOWN BY INDIVIDUAL TREATMENTS 
TREATMENT 
SHOOT 
HEIGHT 
(ca) 
NUMBER OP 
LEAVES 
LEAF 
AREA 
(ca sq.) 
X MYCORRHIZAL 
INFECTION 
(1-4) 
SHOOT 
NT. 
(kb) 
ROOT 
NT. 
(kb) 
LEAP 
NT. 
(kb) 
CARBON FILTERED (72) 4.8 6.9 35.39 2.9 .15 .11 .11 
STEAMED SOIL (36) 4.2 6.9 28.54 2.5 .11 .08 .08 
pH 3.5 (18) 4.1 6.8 28.25 2.7 .11 .07 .08 
PT (9) 4.9 7.8 30.57 3.4 .12 .08 .09 
NPT (3) 3.3 5.8 25.93 1.9 .09 .06 .07 
pH 5.6 (18) 4.2 7.1 23.86 2.3 .11 .09 .09 
PT (9) 4.5 7.9 34.98 2.8 .14 .11 .11 
NPT (9) 3.9 6.1 22.06 1.7 .09 .06 .07 
NON-STEAMED SOIL !36) 5.4 6.8 42.06 3.3 .19 .14 .14 
pH 3.5 (18) 5.5 6.9 41.4? 3.3 .18 .14 .14 
PT (9) 5.8 7.4 43.98 2.8 .20 .14 .15 
NPT (9) 5.2 6.4 38.97 3.7 .1? .14 .13 
pH 5.6 (18) 5.4 6.7 42.64 3.3 .19 .15 .15 
?T (9) 5.7 6.9 41.91 2.9 .20 .17 .15 
NPT (9) 5.1 6.5 43.37 3.7 .19 .13 .14 
OZONE (72) 4.7 6.3 29.44 2.6 .12 .03 .09 
STEAMED SOIL (36) 4.3 6.3 26.14 2.0 .10 .06 .08 
pH 3.5 (18) 4.3 5.9 O'! ^ n Li* li 2.0 .09 .06 .07 
PT (9) 4.5 6.5 28.9? 3.0 \ 0 • i u .08 .09 
NPT (9) 4.0 5.4 18.01 1.1 .06 .04 .04 
pH 5.6 (18; 4.4 6.6 29.10 2.1 .10 .06 .08 
PT (9) 4.7 7.0 35.13 2.8 .13 .08 .10 
NPT (9) 4.1 6.3 23.75 1.4 .08 .05 .07 
NON-STEAMED SOIL (36) 5.0 6.2 32.85 3.2 .15 .11 .11 
pH 3.5 (18) 5.2 6.9 35.24 3.5 .15 .12 .12 
PT (9) 5.7 7.1 37.89 3.3 .16 .13 .12 
NPT (9) 4.8 6.6 32.92 3.6 .15 .11 .12 
pH 5.6 (18) 4.8 5.7 30.85 3.0 .14 .11 .11 
PT (9) 4.7 6.0 30.67 2.8 .15 .12 .11 
NPT (9) 4.8 5.3 31.04 3.2 .13 .09 .10 
tt -Mycorrhizal infection index 1-4 2:<25X, 3:<50X, 4:)75X) 
( ) -Nuibers in parenthesis indicate total nuaber of seedlings 
in that treataent 
ph 3.5 -Siaulated acid rain 
ph 5.6 -Deionized water 
PT -Pisolithus tinctorius 
.NPT -Non-inoculated with P.tinctorius 
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Treatment of paper birch seedlings with ozone 
significantly affected root, shoot and leaf weights, 
leaf area and number of leaves. Reductions due to 
exposure to ozone were apparent in all these parameters. 
Shoot height and percent mycorrhizal infection (Table 7) 
were also reduced when treated with chronic 
concentrations of ozone, although these reductions were 
not statistically significant. 
Simulated acid rain did not significantly affect 
any of the parameters measured at the conclusion of the 
experiment. Treatment of birch seedlings with pH 3.5 
simulant generally resulted in a decrease in root, shoot 
and leaf weights, shoot height and number of leaves. A 
slight increase in percent mycorrhizal infection was 
apparent in those seedlings exposed to the lower pH rain 
(Table 8). There was no definite trend evident in leaf 
area measurements. 
The effects of soil type were significant for all 
measured variables with the exception of leaf number and 
percent mycorrhizal infection. Root, shoot and leaf 
weights, leaf area and shoot height were consistently 
greater in those paper birch grown in non steamed soil. 
Percent mycorrhizal infection was also generally greater 
in those plants grown in non steamed soil. In contrast. 
TABLE 7 
EFFECTS OF OZONE ON MYCORRHIZAL INFECTION OF 
PAPER BIRCH (EXPERIMENT ONE) 
Treatment 
Carbon 
Filtered Air Ozone Change 
NS 5.6 3.7’’ 3.2 -13.5 
NS 3-5 3.7 3.6 -2.7 
NS 5.6 PT 2.9 2.8 -3.4 
NS 3.5 PT 2.8 3.3 +17.9 
SS 5.6 1.7 1.4 -17.6 
SS 3.5 1.9 1.1 -42.1 
SS 5.6 PT 2.8 2.8 0 
SS 3-5 PT 2.4 3.0 +25.0 
^ 9 seedlings per treatment 
^ BJycorrhizal infection index 1-4 (i= 1^, 2= 25^i 
3= 50^. 4= 75^) 
NS=Non-steamed soil SS=Steamed soil 
3«5=Simulated acid rain 5.6»Deionized water 
PT=Pisolithus tinetorjus 
TABLE 8 
EFFECTS OF SIMULATED ACID RAIN (SAR) ON MXCORRHIZAl 
INFECTION OP PAPER BIRCH 
(EXPERIMENT ONE) 
Treatment^ 
Control 
(pH=5.6) 
SAR 
(pH=3-5) ^ Change 
CF NS 3.7'* 3.7 0 
O3 NS 3.2 3.6 +11.1 
CF NS FT 2.9 2.8 -3.6 
O3 NS FT 2.8 3.3 +15.2 
CF SS 1.7 1.9 +10.5 
O3 SS 1.4 1.1 -21.4 
CF SS FT 2.8 3.4 +17.6 
O3 SS FT 2.8 3.0 +6.7 
® 9 seedlings per treatment 
Mycorrhizal infection index 1-4 (l= 1^, 2= 25^i 
3= 50)5. 4= 75^) 
V 
CF=Carbon filtered air 0^=CP plus ozone 
NS=Non-steauDaed soil SS=SteaLined soil 
PT=Pisolithus tinetorjus 
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number of leaves was usually greater in those seedlings 
grown in steamed soil. 
The ectomycorrhizal fungus, P_^ tinctor ius. was 
successfully reisolated from several birch seedlings 
which had been inoculated (Figure 3). Root, shoot and 
leaf weights, leaf area, number of leaves, and shoot 
height were all significantly influenced by the 
association of PT. All of these variables were found to 
be significantly greater in those seedlings that had 
been inoculated. The presence of PT did not result in a 
definite effect on percent mycorrhizal infection. 
Interactions 
Only one two-way interaction was found to 
significantly effect any of the measured parameters 
(Table 4,6). An interaction between soil and P_i_ 
tinctorius significantly influenced the development of 
mycorrhizae upon paper birch seedling roots. Percent 
mycorrhizal infection was greatest on birch which had 
been grown in non steamed soil and least in steamed 
soil. Non steamed and steamed soil inoculated with PT 
were essentially equal in their percent infection, but 
both had a lesser degree of infection than non steamed 
36 
and steamed soil without PT. 
37 
EXPERIMENT TVQ 
Birch exhibited foliar svmptoBis characteristic of 
injury due to ozone at the ternination of the 
experiment. Premature senescence was observed, as well 
as chlorosis and mottling of many of the older leaves on 
many seedlings. Symptoms observed included chlorosis, 
premature senescence and mottling of leaves. No visible 
injury due to exposure to simulated acid rain was 
apparent. Similarly, on a gross level, no injury due to 
the possible interaction of ozone and simulated acid 
rain was apparent. 
Main effects 
The pH and soil treatment were the only 
individual treatments which resulted in significant 
effects (Table 9). Air and PT did not significantly 
effect any of the measured growth parameters. Mean 
values for each of these treatments are presented in 
Table 10. A summary of the generalized effects of air, 
soil, pH and PT upon the various growth variables is 
presented (Table 11). 
Exposure to chronic concentrations of ozone 
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TABLE 10 
BXPERIMBKT TWO: KEAN VALUES OP MEASURED GROWTH PARAMETERS FOR PAPER BIRCH 
SEEDLINGS BROKEN DOWN BY INDIVIDUAL TREATMENTS 
TREATMENT 
SHOOT 
HEIGHT 
(Ci) 
NUMBER OF 
LEAVES 
LEAF 
AREA 
(ci sq.) 
X MYCORRfilZAL 
INFECTION 
(1-4) »* 
SHOOT 
WT. 
(8i) 
ROOT 
WT. 
(8i) 
LEAF 
WT. 
(8i) 
CARBON FILTERED (72) 4.8 10.7 61.14 2.7 .36 .31 .26 
STEAMED SOIL (36) 5.1 10.4 72.23 2.1 .47 .41 .32 
pH 3.5 (18) 5.5 10.6 87.51 1.9 .57 .50 .40 
PT (9) 4.8 9.6 83.59 2.6 .57 .55 .39 
NPT (9) 6.2 11.7 91.43 1.2 .58 .45 .40 
pH 5.6 (18) 4.6 10.2 56.95 2.3 .36 .33 .24 
PT (9) 2.8 9.7 53.92 3.2 .35 
/t A 
..iO .22 
NPT (9) 5.4 10.7 59.98 1.3 .37 .29 .25 
NON-STEAMED SOIL (36) 4.5 10.9 50.06 3.3 .26 .20 .19 
pH 3.5 (18) 4.8 11.6 58.37 3.2 .31 .25 .23 
PT (9) 4.3 11.3 55.49 3.0 .31 .31 .23 
NPT (9) 5.4 11.8 60.25 3.3 .31 .18 .23 
pH 5.6 (18) 4.2 10.3 41.75 3.4 .21 .16 .16 
PT (9) 4.4 10.7 47.76 3.7 .22 .17 .16 
NPT (9) 3.9 10.0 40.73 3.1 .19 .14 .16 
OZONE (72) 4.8 10.4 61.40 2.5 .37 .29 .26 
STEAMED SOIL (36) 4.8 10.1 70.52 2.1 .46 .38 .32 
pH 3.5 (18) 5.3 10.8 81.88 2.4 .54 .46 .37 
PT (9) 5.3 10.3 86.59 2.9 .50 .50 .42 
NPT (9) 5.4 11.2 77.17 2.0 .48 .42 .32 
pH 5.6 (18/ 4.3 9.3 59.35 1.7 .39 .29 .26 
PT (9) 3.9 9.4 58.80 2.4 .38 .29 .26 
NPT (9) 4.8 9.2 59.90 1.0 .40 .30 .27 
NON-STEAMED SOIL (36) 4.8 10.7 52.19 2.9 .28 .20 .21 
pH 3.5 (18) 5.2 11.5 63.19 2.9 .35 .25 .26 
PT (9) 5.4 11.6 69.38 3.2 .36 .28 .27 
NPT (9) 4.9 11.4 56.99 2.6 .33 .22 .24 
pH 5.6 (18) 4.4 9.8 41.19 2.9 .22 .15 .16 
PT (9) 4.8 10.2 44.78 3.1 .24 .15 .18 
NPT (9) 4.1 9.4 37.60 2.7 .20 .15 .15 
tt -Mjcorrhizal infection index 1-4 (1=<1X, 2:<25X, 3:<50X, 4:>75X) 
( ) -Nunbers in parenthesis indicate total nuiber of seedlings 
in that treatient 
ph 3.5 -Siiulated acid rain 
ph 5.6 -Deionized water 
PT -Pisolithus tinctorius 
NPT -Non-inoculated with P.tinctorius 
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generally resulted in an increase in shoot and leaf 
weights, leaf area and shoot height when compared to 
plants grown in carbon filtered air. Percent 
mycorrhizal infection (Table 12) and leaf number, in 
contrast, were reduced by ozone. 
Treatment of paper birch seedlings with simulated 
acid rain, generally, resulted in increases in growth. 
Root, shoot and leaf weights were all greater when 
treated with pH 3.5. Leaf area, shoot height and number 
of leaves were all significantly increased by treatment 
with simulated acidic precipitation. A slight decrease 
in percent mycorrhizal infection was evident in 
seedlings treated with pH 3.5 simulant (Table 13). 
Leaf area was significantly greater among paper 
birch seedlings which had been grown in steamed soil. 
Growth of seedlings in steamed soil, likewise, resulted 
in greater root, shoot and leaf weights, shoot height 
and number of leaves. These increases were, however, 
not statistically significant. In contrast to the 
general trend occurring for soil, percent mycorrhizal 
infection was not greater in steamed soil. Visual 
examination of paper birch seedlings grown in non 
steamed soil indicated a higher percentage of 
mycorrhizal short roots than those grown in steamed 
TABLE 12 
EFFECTS OF OZONE ON MYCORRHIZAL INFECTION OF 
PAPER BIRCH (EXPERIMENT TWO) 
X* 
Treatment^ 
Carbon 
Filtered Air Ozone % Change 
NS 5.6 3.1^ - 2.7 -12.9 
NS 3.5 3.3 2.6 -21.2 
NS 5.6 PT 3.7 3.1 -16.2 
NS 3-5 PT 3.0 3.2 +6.3 
SS 5.6 1.3 1.0 -23.1 
SS 3-5 1.2 2.0 ♦40.0 
SS 5.6 PT 3.2 2.4 -25.0 
SS 3.5 PT 2.6 2.9 ♦10.3 
^ 9 seedlings per treatment 
^ Mycorrhizal infection index 1-4 (l= 2“ 2Sf>t 
3= 50%, 4= 75^) 
NS=Non-steamed SS=Steamed soil 
3,5=Simulated acid rain 5«6=Deionized water 
PT=Pisolithus tinetorius 
TABLE 13 
EFFECTS OF SIMULATED ACID RAIN (SAR) ON MYCORRHIZAL 
INFECTION OF PAPER BIRCH 
(EXPERIMENT TWO) 
Treatment^ 
Control 
(pH=5.6) 
SAR 
(pH=3.5) % Change 
CF NS 3.1^ 3.3 +6.1 
0^ NS 2.7 2.6 -3.7 
CF NS PT 3.7 3.0 -18.9 
0^ NS PT 3.1 3.2 +3.1 
CF SS 1.3 1.2 -7.7 
0^ SS 1.0 2.0 +50.0 
CF SS PT 3.2 2.6 -18.8 
0^ SS PT 2.4 2.9 +17.2 
^ 9 seedlings per treatment 
^ Mycorrhizal infection index 1-4 (1= 1^, a= 25^, 
3^= 50J{, 4= 75^) 
CP=Carbon filtered air 0^=CF plus ozone 
NS=Non-8teaiiied soil SS=SteaLmed soil 
PT^Pisolithus tinetorjus 
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soil. 
Pisolithus tinctorius was rei 
seedlings which ii^itially had been i 
Inoculation of birch seedlings with 
result in a definite trend. Root we 
mycorrhizal infection were the only 
inoculation with a mycorrhizal fungu 
over non-inoculated controls. Shoot 
leaf area, shoot height and number o 
exhibit any consistent trends due to 
solated from those 
noculated. 
PT, however, did not 
ight and percent 
variables in which 
s caused increases 
and leaf weights, 
f leaves did not 
the presence of PT. 
Interactions 
Several two-way interactions significantly 
influenced many of the growth variables (Table 9). 
These interactions affected root, shoot and leaf 
weights, leaf area, shoot height and percent mycorrhizal 
infection. A summary of the effects of these two way 
interactions is presented in Table 14. 
Root and leaf weights, leaf area and shoot height 
were all significantly affected by an interaction 
between air treatment and PT. Leaf area and shoot 
height were greatest in carbon filtered air, but lowest 
in plants grown in carbon filtered air and inoculated 
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with PT. Paper birch seedlings treated with ozone had 
smaller leaf area and shoot height than those grown in 
carbon filtered air. Plants grown in ozone and 
inoculated with PT had slightly larger leaf area and 
shoot height than those treated with ozone alone. 
The interaction of air treatment with PT also 
affected root and leaf weight. These two variables 
responded very differently. Root weight was greater in 
paper birch grown in carbon filtered air and inoculated 
with PT. The lowest mean root weights occurred in 
carbon filtered air, alone. Seedlings exposed to ozone 
and inoculated with PT had greater root weights than 
those plants treated with ozone alone. Root weights of 
seedlings treated with ozone were intermediate to the 
values obtained in carbon filtered air. In contrast, 
leaf weight was greatest for seedlings treated with 
ozone and inoculated with PT. The lowest root weight 
occurred in plants treated with ozone, alone. Paper 
birch seedlings grown in carbon filtered air were 
intermediate to leaf weight values observed in ozone 
treated plants. Birch treated with carbon filtered air 
and inoculated with PT were slightly lower than those in 
carbon filtered air. 
A two-way interaction between soil and pH 
47 
significantly effected root, shoot and leaf weights. 
Seedlings grown in steamed soil had greater root, shoot 
and leaf weights than those grown in non steamed soil. 
These differences were even greater in those seedlings 
treated with pH 3.5 simulant. Paper birch grown in 
steamed soil and treated with simulated acid rain had 
the largest root, shoot and leaf weights. Seedlings 
grown in non steamed soil and treated with pH 5.6 
simulant had the lowest weights. 
A soil X P_^ tinctorius interaction significantly 
influenced shoot height and percent mycorrhizal 
infection. Shoot height was greatest in steamed soil 
and smallest in steamed soil inoculated with PT. 
Seedlings grown in non steamed soil were intermediate in 
mean shoot height. Non steamed soil inoculated with PT 
resulted in greater shoot height than those birch grown 
in non steamed soil. Percent mycorrhizal infection was 
also effected by the interaction of soil and PT. 
Mycorrhizal infection was greatest in non steamed soil. 
Non steamed soil inoculated with PT resulted in the 
greatest overall infection. Plants grown in steamed 
soil had the smallest degree of infection. The presence 
of PT resulted in greater mycorrhizal infection in both 
soils. 
48 
Finally, root weight and percent raycorrhizkl 
infection were affected by two interactions, pH x P, 
tinctorius and air x pH, respectively. Paper birch 
seedlings had greater root weights when treated with pH 
3.5 simulant. The presence of PT resulted in larger 
root weights in each respective pH value. Plants 
exposed to pH 3.5 and inoculated with PT had the 
greatest mean root weight. Seedlings exposed to pH 5.6, 
alone, had the smallest root weights. 
Percent mycorrhizal infection was affected by an 
interaction of air and pH. Mycorrhizal infection was 
greatest in birch exposed to carbon filtered air and pH 
5.6 (Table 13). The lowest degree of infection occurred 
in those seedlings exposed to ozone and treated with pH 
5.6 simulant. Those paper birch exposed to simulated 
acid rain of pH 3.5 had an intermediate amount of 
mycorrhizal infection in both air treatments. Seedlings 
treated with pH 3.5 and exposed to ozone had slightly 
greater infection than paper birch grown in carbon 
filtered air treated with the same pH. 
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EXPERIMENT THREE 
At the conclusion of experiment three, foliar 
injury, characteristic of exposure to chronic ozone 
concentrations, was visible on a number of paper birch 
seedlings. There was no injury evident as a result of 
exposure to simulated acid rain. Likewise, no additive 
or synergistic reactions of ozone and simulated acid 
rain were apparent on any of the paper birch seedlings. 
Main effects 
None of the individual treatments had significant 
effects on root, shoot and leaf weights, leaf area, 
shoot height, percent mycorrhizal infection or number of 
leaves (Table 15). Treatment means for experiment three 
are presented in Table 16, and are broken down by 
treatment for each individual parameter. The general 
trends caused by air, pH, soil and PT are summarized 
(Table 17). 
Seedlings treated with chronic concentrations of 
ozone generally had reductions in growth. Root weight, 
shoot weight, shoot height and number of leaves were all 
generally reduced by ozone when compared to birch grown 
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TABLE U 
EIPEBIHEMT TBBEE: MEAN VALUES OF HEASUEED GEOVTU PAEANETEBS FOE PAPEE BIECH 
SEEDLINGS BBOEEH DONN BY INDIVIDUAL TEEATMENTS 
TBEATHENT 
SHOOT 
HEIGHT 
(Ci) 
NUMBEE OF 
LEAVES 
LEAF 
AEEA 
(ci sq.) 
1 H7C0SEHIZAL 
INFECTION 
(1*4) n 
SHOOT 
NT. 
(8i) 
BOOT 
NT. 
(61) 
LEAF 
NT. 
(6>) 
CAEBON FILTEEED (72) 7.8 7.2 68.91 2.8 .44 .33 .33 
3TEAHED SOIL (36) 8.5 7.1 75.52 2.1 .52 .38 .38 
pii 2.5 (18) 9.0 7.3 75.23 1.8 .52 .39 .38 
PT (9) 8.4 7.7 76.29 2.4 .52 .41 .38 
NPT (9) 9.5 6.9 74.18 1.1 .51 .37 .37 
pH 5.5 (18) 8.1 6.8 75.80 2.4 .53 .37 .39 
PT (9) 7.4 6.3 68.32 3.6 .47 .36 .34 
NPT (9) 8.8 7.3 83.28 1.2 .58 .38 .43 
HON-STEAMED SOIL (26) 7.1 7.3 62.29 3.6 .37 .28 .2? 
pH 3.5 (18) 7.2 7.5 64.67 3.5 .37 .28 '>3 
PT (9) 7.9 7.4 68.03 3,4 .40 .29 .29 
N.-T (9) 6.5 7.6 61.33 3.6 .35 ,28 .27 
pH 5.6 (18) 7.0 7.1 59.92 3.7 ,36 .27 ,26 
PT (9) 6.6 6.6 53.40 3.7 ,32 .30 ,24 
NPT (9) 7.4 7.6 66.44 3.8 .39 .24 ,28 
OZONE (72) 7.6 8.1 65.96 2.9 ,42 .30 .32 
STEAMED SOIL (26) 8.3 8.8 79.86 2.3 .49 .33 .36 
pH 3.5 113) 8.2 11.5 75.91 2.4 .55 .37 .40 
PT (9) 8.0 7.7 71.52 3.3 .52 .40 .38 
NPT (9) 8.4 15.2 80.19 1.4 .58 .33 .42 
pH 5.6 fl8, 8.5 6.2 65.81 2.2 .43 .29 .32 
PT (9) 7.6 6.0 60.58 3.2 .41 .27 .30 
NPT (9) 9.4 6.4 71.03 1.1 .46 .32 .34 
NON-STEANED SOIL (36) 6.8 7.2 61.07 3.5 .35 .28 .27 
pH 3.5 (18) 7.1 7.5 66.96 3.4 .41 .30 .31 
PT (9) 8.0 7.2 70.51 3.2 .43 .30 .34 
NPT (9) 6.3 7.7 63.40 3.6 .39 .31 .29 
pH 5.6 (18) 6.6 7.0 55.18 3.6 .30 .25 .24 
PT (9) 6.7 6.8 55.83 3.6 .30 .26 .24 
NPT (9) 6.5 7.2 54.53 3.6 .31 .23 .23 
It -Mycorrbiial infection index 1-4 (l=OX, 2:<25X, 3:(50X, 4:>75X) 
( } -Nuibern in parenthesis indicate total ouiber of seedlings 
in that treatient 
pfa 3.5 'Siaulated acid rain 
pb 5.6 -Deionired water 
PT -Piiolithus tinctorius 
NPT -Non-inoculated witn P.tinctorius 
E
X
P
E
R
IM
E
N
T
 
T
H
R
E
E
i 
S
U
M
M
A
R
Y
 
T
A
B
L
E
 
O
F
 
R
E
S
E
A
R
C
H
 
R
E
S
U
L
T
S
 
F
O
R
 
M
A
IN
 
E
F
F
E
C
T
S
 
52 
3 01 
53 0 0 3 c X -H 0 -H 
0 4J ^ 4^ . 0 U 43 4J 0 P H •H 0 CO > 3 A 0 •P 0 P 0 TJ 
•POO) 0 0 4J • +> 0 -H 0 0 0 
0 > U 0 3 0 43 > IH ? 44 0 
3 (;5 01^ IM 0 0 ■P 3 0 0 
*0 TJ (U • 0-H iH •H 0 0 
0) O H C H TJ •P 01 >i-H 0 43 
^4-0 0 H (d >1 0 43 0 H > 0 
3 -H Id A 3 0 >1 0 0 0 U 
C H 0 4J • 0 »W H T3 N 0 --H 
•HO 0 3 4J in 3 43 0 <M •H H T3 43 
C 0) •H Id • kl-H 0 0 0 43 0 
TJ -H O »H A n 0 0 0 M 44 4J Wl 
0) ^ C A H 0 0 3 J4 0 0 0 
4J CO E -H 0 -H U 0 0 Ha 
•H *H 3 0 0 0, TJ N 4J 0-H 0^30 
3 i C H u 01 3-H 0 3 4i >10 0 a 
CO H ns Id 3 <M 0 43 3 •H 0 E ^ 0 
<D •* N a-H 0 U M H E 3 TJ 
• nj -H ■P u m {>, 3 -P 3-H 0 
CO 0) ^ - 0 *0 3 0 0 H 0 3 3 -P 
0) (U tl 0 -H A 0 > H 0 0 3 0 
C H fd >-i 0 0 Id y >1 - 0 3 0 TJ 0 H 
0 ^ 0 Id 0 3 E 3 U H V4 3 0 3 
N (d Ip 0 > •H 0 • 0 0 43 0 
0 -H m >1 0 TJ +> 4J -H 3 a 0 
0 E X 0 -H 0 Q44J 0 • •P TJ 3 
4: fd H 4J 0 0 -H 0 0 Oi 0 TJ 43 0-H 
-P > ^ > ,3 Id TJ 0 0 3 0 0143 ^ 
•H C 0 4J X 0 -H 0-H 3 
> 4: CO 0 U TJ 0 0 3 U U 0 0 43 -H 
+) 4J 0 01 3 0 •H 0 0 0 43 0 
M > rC •H 3 • • ^ -P U -H ki 
01 0 Di 0 3 Id •H 0 H H 0 0 4J £ 0 
c p-H a •H T3 H U 0 •H +> 3 3 0 > 
•H 01 0 0 3 4J 0 N 0 43-H •HO 0 
H ? TJ 0 E H 4J -H 0 01-P 43 X0 
73 TJ C 0 3 -H 3 0 ,3 •H 000^ 
0 0 >4-1 (d 0 0 0 0 E V4 T3 |0 ^01 
0 P (d 0 0 0 0^ ? Oi |h •-H 
CO 3 0 4J {•4 0^ U U 0 E 0 4J 43 >1 
W H rC 0 E -P 0 U 0 U-t tM 
fd Oi 3 -H a >1 0 0 0 0 01 3 -P 
0 0 TJ -H •H 0 0 E -P 0 3 -H -H 4: 
E 3 0 0 3 V 0 H 0 01 0 01 
-P ns ^ H H *0 0 -P 1 0 3 TJ -H 
C H 0 43 0 •0 V4 3 3 V 3 3 0 H 
0 H 4J 4J V4 0 4J •H 3 0 0 3 0 44 4J 0 0 
E 0 0 0 0 -H 0 TJ 0 0 3 0 0 0 3 
4J 00 3 P 0 0 U 0 0 0 TJ 0 
rd 3 ^ ^ 0 0 P H 0 0 3 4J P 43 43 0 0 
0 -H 0 0 01 > -P -H E CU -H 0 04-P c/3 P ? 
0 0 
E-« < U1 Pi 
(0 
4-> 
U 
0) 
(M 
CO 
3 
•H 
U 
o 
t! 
c 
44 •H 
U H 4J 
U •H 
3 -H X 0 • 
•H < a CO a 
53 
in carbon filtered air. Ozone also bought about 
reductions in percent mycorrhizal infection in paper 
birch seedlings (Table 18). 
Simulated acid rain (pH 3.5 treatment) caused a 
general^ increase in growth. This increase in growth was 
apparent in all growth variables except percent 
mycorrhizal infection. A decrease in the degree of 
mycorrhizal infection was noted in those seedlings which 
had been treated with simulated acid rain (Table 19). 
For all growth variables, except percent 
mycorrhizal infection, the influence of soil did not 
result in a definite trend. Birch seedlings grown in 
non steamed soil did have a higher percent mycorrhizal 
infection than those grown in steamed soil. 
Pisolithus tinctorius was reisolated from 
inoculated paper birch seedlings at the conclusion of 
the experiment. Inoculation of paper birch with the 
fungus, however, did not result in a distinct trend. 
Root and leaf weight, and leaf area were generally 
increased by by the presence of PT. Shoot weight, shoot 
height and number of leaves, on the other hand, was 
generally less in those plants which had been inoculated 
with the fungus. Inoculation of paper birch with PT 
resulted in much greater percent mycorrhizal infection 
5^ 
TABLE 18 
EFFECTS OF OZONE ON MYCORRHIZAL INFECTION OF 
PAPER BIRCH (EXPERIMENT THREE) 
Treatment^ 
Carbon 
Filtered Air Ozone Change 
NS 5.6 
00 • 3.6 -5.3 
NS 3-5 3.6 3.6 0 
NS 5.6 PT 3.7 3.6 -2.7 
NS 3.5 PT 3.4 3.2 -5.9 
SS 5.6 1.2 1.1 -8.3 
ss 3.5 1.1 1.4 +27.2 
SS 5-6 PT 3.6 3.2 -4.1 
SS 3.5 PT 2.4 3.3 +37.5 
^ 9 seedlings per treatment 
^ Mycorrhizal infection index 1-4 (l= 2= 25^» 
3= 50^. 4= 15^) 
NS=Non-steamed soil SS=Steamed soil 
3.5=Simulated acid rain 5«6=Deionized water 
PT=Pisolithus tinetorius 
TABLE 19 
EFFECTS OF SIMULATED ACID RAIN (SAR) ON MYCORRHIZAL 
INFECTION OF PAPER BIRCH 
(EXPERIMENT THREE) 
Treatment^ 
Control 
(pH=5.6) 
SAR 
(PH=3.5) % Change 
CF NS • 00
 o*
 
3.6 -5.3 
0^ NS 3.6 3.6 0 
CP NS PT 3.7 3.4 -8.1 
0^ NS PT 3.6 3.2 -11.0 
CF SS 1.2 1.1 -8.3 
0^ SS 1.1 1.4 +27.0 
CF SS PT 3.6 2.4 -33.0 
0^ SS PT 3.2 3.3 +3.1 
^ 9 seedlings per treatment 
^ Mycorrhizal infection index 1-4 (l= ijS, 2= 
3= 50^. 4= 75^) 
CF=CaLrbon filtered air 0^=CF plus ozone 
NS=Non-steamed soil SS=Steamed soil 
PT=Pisolithus tinetorius 
in those treatments where steamed soil was used. Non 
steamed soil treatments were generally equal, regardl 
of the presence of PT. 
ess 
Interactions 
Table 15 shows that several two-way interactions 
among the individual treatments were statistically 
significant. These interactions affected root, shoot 
and leaf weights, leaf area, number of leaves, shoot 
height and percent mycorrhizal infection in differing 
ways. The influence of these two-way interactions are 
summarized in Table 20. 
An interaction between air and pH significantly 
influenced root, shoot and leaf weights, leaf area and 
percent mycorrhizal infection. Treatment of seedlings 
with ozone resulted in reductions in growth in paper 
birch exposed to pH 5.6. However, seedlings exposed to 
pH 3.5 simulant did not display this reduction due to 
ozone. Generally, treatment with simulated acid rain 
resulted in significantly higher values for leaf area 
and root, shoot and leaf weights when compared to 
seedlings treated with pH 5.6. The combination of pH 
3.5 simulant with ozone resulted in the largest measured 
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values for leaf area and root, shoot and leaf weights. 
In contrast, the lowest mean values occurred in 
seedlings treated with pH 5.6 and ozone. The remaining 
treatment combinations of pH 3.5 and pH 5.6 with carbon 
filtered air were always intermediate for these measured 
parameters. 
Percent mycorrhizal infection was also 
significantly influence by the interaction between air 
regime and pH. Treatment of seedlings with pH 3.5 
simulant reduced mycorrhizal infection (Table 19). 
Seedlings subjected to pH 5.6 and carbon filtered air 
had the greatest percent mycorrhizal infection. 
Treatment of seedlings with pH 3.5 and carbon filtered 
air had the lowest values. Paper birch seedlings 
treated with pH 3.5 or pH 5.6 and ozone were generally 
equal in their degree of mycorrhizal infection. These 
treatments were, however, lower than seedlings treated 
with pH 5.6 rain and carbon filtered air. 
A two-way interaction between pH and P. 
tinctorjus significantly effected several growth 
variables. Leaf area, shoot height, number of leaves, 
and leaf and shoot weights had significantly larger 
values when treated with pH 3.5 simulant. These 
differences were more apparent in all these variables. 
except number of leaves, when PT was present. Total 
number of leaves was an exception where those birch 
treated with pH 3.5, alone, had the greatest number of 
leaves. Seedlings treated with pH 5.6, inoculated or 
non-inoculated with PT, consistently resulted in lower 
values for all growth variables. 
An interaction among soil type and P_^ tinctorius 
significantly influenced shoot height, percent 
mycorrhizal infection, leaf area and leaf and shoot 
weights. Paper birch seedlings grown in non steamed 
soil and non-inoculated generally had the greatest mean 
values for shoot height, leaf area and leaf weight. 
Shoot weight was greatest in steamed soil inoculated 
with PT. Inoculation with the fungus resulted in lower 
values, regardless of the soil type, in all variables 
except shoot weight and percent mycorrhizal infection. 
Percent mycorrhizal infection was unique in its 
response to this particular interaction. The greatest 
amount of mycorrhizal infection occurred in those 
treatments inoculated with PT. Steamed and non steamed 
soil inoculated with the fungus had the greatest degree 
of infection. Soil non-inoculated with PT, steamed or 
non steamed, had relatively equivalent mycorrhizal 
infection. 
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A final two-way interaction, air x soil, 
significantly influenced root weight. Seedlings exposed 
to ozone had significantly greater root weight than 
those grown in carbon filtered air. Birch grown in non 
steamed soil and exposed to ozone had the greatest root 
weight. The smallest mean root weights occurred in 
those seedlings exposed to carbon filtered air. Root 
weights in non steamed or steamed soil and carbon 
filtered air treatments were comparable. 
CHAPTER V 
DISCUSSIONS AND CONCLUSIONS 
There have been numerous investigations on the 
effects of ozone and acidic precipitation, singly and in 
combination, on plant species. Results from these 
investigations were complex and variable. In this 
study, the effects of ozone and acidic precipitation on 
paper birch seedlings and their mycorrhizal 
associations, both natural and introduced, were 
observed. Ozone caused decreases in paper birch growth, 
while treatment with simulated acid rain resulted in 
increases in seedling growth. No interaction between 
the two pollutants was observed in any of the 
experiments conducted. 
Reductions in growth due to ozone were observed. 
These decreases in growth were, generally, apparent in 
all three experiments. Shoot height, number of leaves, 
leaf area, percent mycorrhizal infection, and root, 
shoot and leaf weights were all, generally, reduced by 
exposure to chronic ozone concentrations. Reductions in 
growth due to ozone exposure have been observed in other 
studies involving deciduous trees (47,54,84,111). 
Differences in paper birch growth due to ozone 
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were, however, absent or not as apparent in the second 
experiment. This was most probably observed as a result 
of the increased duration of experiment two. Over the 
course of each experiment, paper birch seedlings would 
gradually become "pot-bound", to some degree. In the 
second experiment, paper birch seedlings may have been 
more adversely impacted by ozone. Seedlings grown in 
carbon filtered air, however, most likely became 
"pot-bound" earlier which allowed those birch treated 
with ozone to eventually match the growth of their 
carbon filtered counterparts. 
Simulated acid rain of pH 3.5, almost uniformly 
resulted in an increase in those parameters measured for 
each paper birch seedling. This was apparent in the 
majority of significant interactions involving pH. 
Increased growth as a result of simulated acid rain has 
been previously observed (28,46,94,113). Acidic 
precipitation is known to contain substantial amounts of 
inorganic nitrogen. Increased input of nitrogen has 
been suspected to result in a so-called "fertilizer 
effect" in plants (29). 
Percent mycorrhizal infection, however, was reduced 
by treatment of paper birch seedlings with simulated 
acid rain. This decrease in association occurred in all 
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three experiments (Tables 8,13, and 19). Reductions as 
large as 33% were observed (Table 19). Treatment of 
seedlings with ozone, likewise, resulted in a general 
decrease in mycorrhizal infection (Tables 7,12 and 18). 
Decreases in percent mycorrhizal infection as great as 
42% (Table 7) were brought about due to treatment with 
ozone. No interactive effect between ozone and 
simulated acid rain was apparent. Similarly, there was 
no evidence of direct or indirect protection against the 
effects of these pollutants by the ectomycorrhizal 
fungus, Pj^ tinctorius. in any of the three experiments. 
Simulated acid rain has been documented to decrease 
mycorrhizal infection (9,86,87,96,104). The effects 
that gaseous pollutants have on the development of 
mycorrhizae, however, are much more variable. Increases 
(86,87) and decreases (87,93), as well as possible 
protective influences (13,33,64), of mycorrhizae have 
all been reported in studies involving gaseous 
pollutants. As previously mentioned, exposure to 
chronic concentrations of ozone in this study resulted 
in a general decrease in total mycorrhizal infection. 
Reductions in mycorrhizal associations could have 
long term effects for both the individual tree and the 
It is known that ectomycorrhizae can forest ecosystem. 
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increase the uptake of nutrients and water by their 
hosts (41|72). Mycorrhizal fungi can also serve as 
biological deterrents to pathogenic root infections 
(66,89,106). A decrease in mycorrhizal infection due to 
the secondary effects of pollutants would likely be 
expected to reduce the nutritional status of many trees 
and increase their susceptibility to many root 
pathogens. Livingston and Blaschke (63) have reported 
increased disease susceptibility on Norway spruce. They 
noted an increased occurrence of the root pathogen 
Mycelium radicis atrovirens on spruce trees in western 
Germany which had displayed a deterioration in 
mycorrhizal short roots. 
The adverse impact of ozone, acidic precipitation, 
as well as many other pollutants on ectoraycorrhizae and 
other important soil processes needs further 
investigation. In this study, reductions in the 
development of ectomycorrhizae were observed due to 
treatment with ozone and simulated acid rain. It can be 
speculated that these reductions could be occurring in 
forest ecosystems subjected to ambient pollution 
throughout the year. However, more investigations in 
the field and in the laboratory need to be conducted in 
order to properly address this issue. 
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Many questions involving the relationship of 
mycorrhizae and their host need to be answered to better 
understand the implications that reduced mycorrhizal 
infection may hold. Similarly, an increased emphasis on 
the study of specific tree-mycorrhizal fungi 
associations need to be carried out. It is readily 
apparent from the variable effects that have been 
observed with pollutants, mycorrhizae and different 
tree species that the mechanisms involved probably 
differ tremendously. However, only more in depth 
research into the effects of pollutants on mycorrhizae 
is necessary. 
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Figure 2 Paper birch seedling displaying 
typical chronic foliar injury 
due to ozone. 
79 
Figure 3 Ectomycorrhizae on paper birch 
roots formed by the fungus, 
Pisolithus tinctorius. 

